A single-phase red-emitting NaEu(MoO 4 ) 2 phosphor with nanosized particles was synthesized using a water-assisted solid state reaction (WASSR) method, a new low-temperature synthesis method developed by our group. NaEu(MoO 4 ) 2 exhibits a monoclinic structure with a space group C2/c (no. 15), which is composed of a Na/EuO 8 dodecahedron with the site occupancy of Na/Eu ¼ 1 : 1 and an MoO 4 tetrahedron. To enhance the emission intensity of the NaEu(MoO 4 ) 2 phosphor, Gd 3+ was doped into the Eu 3+ sites and NaEu 1Àx Gd x (MoO 4 ) 2 (0 < x # 0.50) samples were synthesized using the WASSR method.
Determination of the crystal structure and photoluminescence properties of NaEu 1Àx Gd x (MoO 4 ) 2 
Introduction
Ceramic optical materials with nanosized particles have been widely used for new technologies, such as lighting systems, biosensing and energy devices.
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In particular, phosphors dispersed in a glass or lm have attracted much attention as a light convertor in white-light emitting diodes (white-LEDs) and white-laser diodes (white-LDs) and as a spectral convertor in solar-cells because of its higher dispersibility as compared with the bulk materials.
1,4-6
Functional ceramic powder materials including phosphor materials are mostly synthesized using the solid-state reaction (SSR) method, as it is very simple and can be employed for easily synthesizing ceramic materials. However, this method requires high temperatures (>1000 C) for obtaining single phase materials because ionic diffusion in a solid markedly increases with an increase in the reaction temperature according to the Arrhenius equation:
where k is the velocity constant, A is the frequency factor, E a is the activation energy, k b is the Boltzmann's constant, and T is the temperature. However, high-temperature synthesis usually results in the particle growth and particles with irregular morphology are formed in the nal product. 8 Therefore, it is difficult to synthesize ceramics powders with ne-sized particles using the conventional SSR method. In contrast, liquid phase reaction (LPR) methods, which usually employ aqueous solutions or organic solvents, have been widely investigated for obtaining functional ceramics powder materials with ne-sized particles.
9,10 Nevertheless, most of the LPR methods require special procedures, such as pH control, ltration and other processes.
9 Therefore, the cost of the ceramic powder materials synthesized by the LPR methods is higher than that obtained by the conventional SSR method. Therefore, the development of a new synthesis method without employing special processes is necessary to obtain small particle ceramic materials at a low cost.
In our previous study, we developed a novel synthesis method which can be used for easily synthesizing ceramics powder materials with ne-sized particles at a low temperature (<100  C) without employing any chemical and physical aer-process treatment. [11] [12] [13] [14] [15] Some oxide materials can be synthesized at room temperature by mixing raw materials or by storing the mixture of raw materials at low temperatures. In addition, the reaction can be drastically promoted by adding a small amount of water. We refer this novel synthesis method as the "waterassisted solid-state reaction (WASSR) method" or the "solid hydrate thermal reaction (SHR) method". Recently, we have referred this novel synthesis method as the WASSR method because the reaction mechanisms of both WASSR and SHR are the same. The added water, which covers the particle surface of the raw materials, activates a surface reaction between them, resulting in the acceleration of the solid acid-base reaction of the raw materials. Using this method, we successfully synthesized functional ceramic powder materials containing ne-sized particles at temperatures lower than 100 C. Additionally, we investigated the reactivity of different raw materials in solvents other than water such as acids, alcohols, and organic solvents (Table S1 in ESI †). We observed that the reaction between raw materials is either too slow or does not occur in these solvents.
In this study, we synthesized the NaEu(MoO 4 ) 2 phosphor using WASSR and their photoluminescence properties were investigated in detail and compared with those of the phosphor prepared using the conventional SSR method. The scheelitetype NaEu(MoO 4 ) 2 can be considered to be an efficient phosphor material because of its excellent thermal and chemical stability. 16 In addition, it is well-known that NaEu(MoO 4 ) 2 phosphor exhibits red emission under UV excitation. [16] [17] [18] [19] 21 Experimental section Preparation of the NaEu 1Àx Gd x (MoO 4 ) 2 phosphor
Commercial grade oxides and carbonates were used as the starting materials. Na 2 CO 3 (Kanto Chem. Co. Ltd., 99.8%), Eu 2 O 3 (Shin-Etsu Chem. Co. Ltd., 99.99%), Gd 2 O 3 (Shin-Etsu Chem. Co. Ltd., 99.99%) and MoO 3 (Kojundo Chem. Lab. Co. Ltd., 99.98%) powders were used as the starting materials for obtaining a single-phase NaEu 1Àx Gd x (MoO 4 ) 2 phosphor. The powders were mixed in a stoichiometric ratio using a mortar without any solvent for 1 min. Both the mixture and a glass bottle with a volume of 3 mL containing 1 mL de-ionised water were kept in a closed polystyrene container with a volume of 10 mL, as shown in Fig. 1 . The closed-container was stored at 80 C for 48 h in an automatic oven (Yamato Scientic Co., Ltd. DKN 302). To verify the effect of the WASSR method, NaEu(MoO 4 ) 2 was synthesized using the conventional SSR method for comparison. The stoichiometric mixture was calcined at 800 C for 10 h in air.
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Characterization of the NaEu 1Àx Gd x (MoO 4 ) 2 phosphor
The crystal structure of the phosphor samples was examined using powder X-ray diffraction (XRD; D2 PHASER, Bruker Co.).
For determining the crystal phases, Rietveld renement of the obtained XRD pattern was performed using the RIETAN-FP soware package. 20 Photoluminescence excitation and emission spectra of the phosphors were measured at room temperature with a spectrouorometer (Jasco Corp. FP-6500/6600). The excitation spectra were recorded for emission at 612 nm and the emission spectra were obtained for excitation at 300 nm. The particle morphology of the phosphor samples was characterised using scanning electron microscopy (SEM; JSM-5310MVB, JEOL Ltd.).
Results and discussion

Crystal structure
In order to determine the crystal structural parameters of the NaEu(MoO 4 ) 2 phosphor synthesized by the WASSR method, we carried out the Rietveld analysis on the powder XRD data for all the space groups obtained in the early renement stages. The monoclinic structure with a space group of C2/c (no. 15) could be tted most satisfactorily to the XRD pattern of the NaEu(MoO 4 ) 2 phosphor. The weighted prole R-factors; R wp , R e , S and R F are 1.690%, 0.737%, 2.2936 and 2.816%, respectively, and these values provide information on the phase purity of the sample prepared in this study. The representative XRD pattern of the NaEu(MoO 4 ) 2 phosphor prepared using the WASSR method is shown in Fig. 2 . The detailed crystallographic data and structure renement parameters obtained by Rietveld renement analysis are summarised in Tables 1 and 2 . The lattice parameters of the NaEu(MoO 4 ) 2 sample prepared by the WASSR method were found to be a ¼ 0.74214 (6) (4) and V ¼ 0.31570(4) nm 3 ,
respectively. The rened cell parameters of the sample synthesized by the SSR method are also listed in Table 1 . The rened structural parameters are given in Fig. S1 and of Na1 and Eu1 (4e site) were found to be 0.4961 and 0.504(3), respectively, indicating a Na/Eu ratio of 1 : 1 in the crystal lattice. Therefore, the chemical composition of the obtained NaEu(MoO 4 ) 2 sample was found to be stoichiometric. Fig. 3 shows the crystal structure of NaEu(MoO 4 ) 2 illustrated using the VESTA program based on the crystallographic data obtained by Rietveld renement analysis. Table S3 in the ESI. † SEM images of the NaEu(MoO 4 ) 2 phosphors prepared by the WASSR and SSR methods are depicted in Fig. 4 . Both the NaEu(MoO 4 ) 2 phosphors prepared by the WASSR and SSR methods exhibit a granular particle morphology. The particle size of the sample prepared by the WASSR method is smaller than that of the sample prepared by the conventional SSR method. The average particle size of the sample prepared by the WASSR method is $200 nm. The NaEu(MoO 4 ) 2 sample prepared by the WASSR method exhibited no signs of strong sintering of the particles, which contributes to the distribution of individual particles. On the other hand, the NaEu(MoO 4 ) 2 sample prepared by the SSR method underwent strong sintering, which could be attributed to the heat treatment employed at high temperatures. Fig. 5 shows the excitation and emission spectra of the NaEu(MoO 4 ) 2 phosphor prepared by the WASSR method. The excitation spectrum exhibits a strong, broad band from 220 to 350 . Fig. 6 shows the XRD patterns of the NaEu 1Àx -Gd x (MoO 4 ) 2 (0 # x # 0.50) phosphors prepared by the WASSR method. Although weak secondary unknown peaks appeared in the XRD patterns of all samples, almost all of the XRD peaks were well indexed to the single-phase monoclinic NaEu(MoO 4 ) 2 . However, in addition, the peak intensity of MoO 3 ). The renement data are summarised in Table S7 in ESI. † These results indicate that NaEu(MoO 4 ) 2 was formed as the main phase in all the samples and small Gd 3+ ions were successfully substituted into the Eu 3+ site in the crystal lattice. Fig. 7(a) shows the excitation and emission spectra of NaEu 1Àx Gd x (MoO 4 ) 2 (x ¼ 0 and 0.30) phosphors. The emission proles of all samples were essentially the same without exhibiting a change in the ratio of peak intensity corresponding to the 5 
Photoluminescence properties
Conclusions
The red-emission NaEu 1Àx Gd x (MoO 4 ) 2 (0 # x # 0.50) phosphors were synthesized using the WASSR method, and their crystal structure and photoluminescence properties were investigated. NaEu(MoO 4 ) 2 exhibits a monoclinic structure with a space group C2/c (no. 15), which is composed of a Na/EuO 8 dodecahedron and MoO 4 tetrahedron. The NaEu(MoO 4 ) 2 structure was found to be the main phase in all the NaEu 1Àx Gd x (MoO 4 ) 2 (0 # x # 0.50) phosphors. These phosphors exhibited a strong, narrow red emission owing to the energy transfer occurring from Notes and references 
